Nanomaterials exhibiting room temperature superparamganetism are under the limelight of nanoresearch for their unique applications in advanced technology including contrasting agent in Magnetic Resonance Imaging (MRI)[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12] and targeted drug delivery[@b3][@b4][@b5][@b6][@b7][@b13]. Typically, superparamagnetism appears due to size effect in ferromagnetic or ferrimagnetic materials[@b2][@b3][@b4][@b9][@b10][@b11][@b14][@b15][@b16][@b17][@b18]. Magnetic anisotropy has the primary role for executing superparamagnetic behavior which decreases with volume of a material[@b19]. As a result, the magnetization can randomly flip under the influence of temperature and response to the applied magnetic field like a paramagnet. Normally, superparamagnetism appears below the Curie temperature. From technological point of view superparamagnetism is highly promising because of large moment and easy polarizability even toward weak magnetic field. The emergence of superparamagnetism at room temperature in a classical paramagnet is quite unusual because this has been commonly appeared due to size effect in ferromagnetic or ferrimagnetic substances. In this report we demonstrate a rare consequence of superparamagnetism in a 2D flower like shaped nanostructure of Sm~2~O~3~ which is a conventional paramagnet in bulk.

However, with the advances in the synthetic chemistry of nanomaterials, several size, shape and phase tunable materials in nano-regime exhibiting various new and even unusual materials properties are already developed[@b18][@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35][@b36][@b37]. Not only the size regime, but also the interface ligand chemistry, internal defects and doping of foreign impurity materials can induce such properties[@b16][@b23][@b25][@b33][@b34][@b35][@b36][@b38][@b39][@b40][@b41][@b42][@b43][@b44][@b45][@b46][@b47][@b48][@b49][@b50][@b51][@b52]. This has been enormously studied for nanoscale optical[@b22][@b24][@b34][@b35][@b37][@b38][@b42], electrical[@b34][@b37] as well as magnetic[@b18][@b25][@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35][@b36][@b38][@b39][@b40][@b41][@b42][@b43][@b44][@b45][@b46][@b47][@b48][@b49][@b50][@b51][@b52] materials. These are not only important for various practical utilities but also remained challenging for fundamental understanding. For example, emergence of ferromagnetism in ZnO and ZnS having Zn-d[@b10] electronic configuration seems puzzling[@b26][@b27][@b28][@b38][@b39][@b40][@b41][@b42][@b43]. Similar unusual consequences in nanomagnetism and the fundamental aspects of such exotic results compatible with various applications remain elusive and need investigation in detail.

Programming the reaction parameters to promote the formation of the nanomaterials in a competitive process of formation and dissolution, we report here two distinct nanostructures in 2D confinement regime of Sm~2~O~3~ which usually act as classical paramagnet in bulk[@b53] and even in nanoregime[@b54]. Interestingly, among these two nanostructures, one having regular shape, square platelet, behaves paramagnetically as typical bulk paramagnet and the other having irregular shape, 2D flower like platelet, behaves unusually exhibiting superparamagnetism at room temperature. A detailed analysis of these nanostructures has been carried out and their crystal growth patterns are correlated with their intricate magnetic behaviors.

Results
=======

Shape tuning in 2D confinement and the different magnetic behaviors
-------------------------------------------------------------------

For designing the nanostructures of Sm~2~O~3~, we explore here two most common organic capping ligands, oleylamine[@b55][@b56] and oleic acid[@b34][@b57]. Under certain ratio of these fatty amine and fatty acid, Sm-oleate is allowed to decompose at different reaction temperatures to obtain different shapes of Sm~2~O~3~ nanostructures. However, even both these organic ligands act as very good capping agents, here, fatty amine facilitates in formation of Sm~2~O~3~ by catalytic decomposition of Sm-oleate. In contrary, acid triggers the dissolution of the oxide to Sm-oleate. Hence, for the formation of the nanostructures, fatty amine to acid ratio and the reaction temperature are properly manipulated to an optimum condition for favoring the decomposition of the oleate precursor. In a typical reaction, with a particular ratio of fatty amine to acid, when the reaction is carried out at 330°C, square platelet shaped 2D nanostructures of Sm~2~O~3~ are obtained. In contrary, when the same reaction is carried out at 305°C, 2D flower shaped nanostructures are formed. Interestingly, these two shapes of Sm~2~O~3~ nanostructures show different magnetic behaviors. Though different kinds of nanostructures of Sm~2~O~3~ are already reported[@b54][@b58][@b59][@b60][@b61][@b62] including the square platelets and disks of other rare earth oxides[@b63][@b64][@b65][@b66][@b67], the intriguing 2D flower shaped nanostructures are new here. While several reported flower shaped nanomaterials[@b68][@b69] are in 3D but here we have observed the same in 2D and also via controlled growth. A schematic presentation of the synthetic processes of both nanostructures has been shown in [Figure 1a](#f1){ref-type="fig"} and the difference in their magnetization behaviors is shown in [Figure 1b and 1c](#f1){ref-type="fig"}. For the platelet shaped Sm~2~O~3~ structure, the plots exhibit straight line and pass through the origin which reflects its paramagnetic nature as observed in its bulk material. On the other hand, the 2D flower shaped structure shows nonlinear magnetization curves with a large coercivity at 2 K and superparamagnetic behavior at 300 K. To understand this distinct magnetic behavior, we study the shape evolution and crystal structures of these nanostructures in detail.

Crystal structure and crystal phase analysis
--------------------------------------------

[Figure 2a and 2b](#f2){ref-type="fig"} present TEM images of the square platelet shaped Sm~2~O~3~ obtained from different time intervals from a typical reaction at 330°C. [Figure 2a](#f2){ref-type="fig"} shows the scattered platelets mostly lying horizontally on the TEM grid and [Figure 2b](#f2){ref-type="fig"} presents the long range ordering of linearly packed platelets. The length of these square platelets is 50--60 nm. [Figure 2c](#f2){ref-type="fig"} presents the magnified image of these self-assembled platelets and from this the width of these platelets are calculated \~1.2 nm.

[Figure 2d--f](#f2){ref-type="fig"} presents the TEM images of the flower shaped structures in different resolutions obtained after 30 min of the reaction at 305°C (also see [Supplementary Figure S1](#s1){ref-type="supplementary-material"}). Unlike square platelets, in this case no self-assembly has been observed. These are also 2D platelets but the shapes are not regular like square platelets; rather possess several petals like arms. The 2D structure is further reflected from the moiré patterns appeared in the overlap zones shown in [Figure 2d](#f2){ref-type="fig"}. [Figure 2e and 2f](#f2){ref-type="fig"} present the images of single flower shaped structures and each of them having different number of arms. This suggests that the growth is not regular in this case. The length of these nanostructures remains 120--140 nm and width \~ 7 nm ([Supplementary Figure S2](#s1){ref-type="supplementary-material"}).

Further to understand the phase of these structures, we have performed the powder XRD and analyzed the HRTEM images. It has been observed that both the nanostructures are in cubic phase. [Figure 3](#f3){ref-type="fig"} presents the XRD patterns for both these structures and the peaks resemble to the bulk cubic phase of Sm~2~O~3~ (ICSD \# 165779). However, the small difference in the peak widths observed here might be due to the difference in the size, particularly the thickness difference of two different shaped nanostructures. [Figure 4a and 4b](#f4){ref-type="fig"} show the HRTEM images of the flower shaped structures and the d-spacing of 0.545 and 0.38 nm correspond to {200} and (220) planes of cubic Sm~2~O~3~ respectively, and the image is viewed along \[002\] direction. An atomic model corresponds to this image has been shown in [Figure 4c](#f4){ref-type="fig"}. Further, X-ray photoelectron spectra of these structures are analyzed and presence of only Sm^3+^ is confirmed ([Supplementary Figure S3](#s1){ref-type="supplementary-material"}). From these results, it can be concluded here that the phase and oxidation states of the materials in these two shapes of nanostructures are same. Hence, the difference in the magnetic behavior might be originated from the difference in their crystal growth patterns. To understand more, we further study the origin of formation of these shapes of the nanostructures.

The interface ligand binding chemistry and the shape variation
--------------------------------------------------------------

From the synthetic protocols, it is revealed that in a particular ratio of amine to acid, the shapes the nanostructures are obtained due to variation of reaction temperature. Further, it is also observed that variation in the ratio of amine to acid also tunes the growth pattern and so also the shapes of the nanostructures. Interestingly, with excess acid or in only acid solution, no Sm~2~O~3~ is formed and the solution remains clear even for an hour ([Table S1](#s1){ref-type="supplementary-material"}). On the other hand, with increase of fatty amine or in only amine solution, the decomposition proceeds faster and nanostructures are formed even at 250°C. To quantify the effect of amine to acid ratio with reaction temperature, we have studied here the decomposition process of the Sm-carboxylate precursor. From the thermogravimetric analysis, it has been observed that Sm-oleate decomposes at above 380°C ([Supplementary Figure S4a](#s1){ref-type="supplementary-material"}) and interestingly, this decomposition temperature is lowered in presence of amine ([Figure S4b](#s1){ref-type="supplementary-material"}). This suggests that amine catalyzes the thermal decomposition of Sm-oleate and more the amine content faster is the decomposition of the precursor. Hence, it can be concluded here that fatty amine to acid ratio in the reaction mixture controls the decomposition of the precursor and governs the morphology of the nanostructures at different reaction temperatures.

However, to further understand the difference in the shape evolution, we have carried out the elemental analysis for both flower and square platelet shapes, and it is observed that the square platelets shaped structures contains insignificant amount of N (from C H N analysis). This indicates that acids are mostly act here as capping agent. In contrary, flower shaped structures have both amine and acid. From this observation it is evident that both acid and amine act as ligand at 305°C, but acid is more active ligand at 330°C. It is also known that amine is more volatile than acid at 330°C. Moreover, 330°C is close to the boiling point of oleylamine (345°C). Hence, oleylamine is more labile at 330°C and it only helps in decomposing the Sm-oleate but cannot actively participate as capping agent. As a result, the oxide formed at this temperature is predominantly capped with oleic acid and the growth remains regular leading to square platelet shape of the nanostructures But, on reduction of the temperature to 305°C, the mobility of the amines reduces to some extent and hence both acid and amine act as the surface ligands. However, amines are being more labile and weak binding ligands, the cationic sites bonded with amine (-N) would be more facilitated for faster growth in comparison to acid bonded sites. Hence, irregular growth is expected at this temperature. The intermediate sample shows that these flowers are in fact formed via circular disks ([Supplementary Figure S2](#s1){ref-type="supplementary-material"}). [Figure 5](#f5){ref-type="fig"} shows the TEM images of sample collected after the disk formation but before the flower formation and these clearly indicate the random growth occurs from particular peripheral part of circular disk. But, to confirm whether the fatty acid hinders the regular growth we have tried to carry out several reactions with decreasing the acid and increasing the amine content in the reaction mixture. Interestingly, 2D circular disks are formed when amine concentration is increased (amine:acid = 6:1) ([Supplementary Figure S5a](#s1){ref-type="supplementary-material"}). This concludes that while excess amine remains in the solution, the structure does not turn to flower shape. Here, prompt availability of the ligands slow down the growth process and allows the nanocrystals to grow more smoothly as well as slowly. Interestingly, when the reaction temperature is further reduced with this increased amine content, also similar 2D circular disks are formed and this further supports that low temperature reduces the lability of the amine ligands on the nanocrystals surface and hence hinders the flower shape formation. Hence, we can conclude that in a balanced ratio of amine to acid, the interface binding chemistry controls the growth and this in turn determines the shape of the nanostructures.

Para- and the induced superparamagnetism
----------------------------------------

As stated in [Figure 1](#f1){ref-type="fig"}, the two shapes of nanostructures have different magnetic behaviors. To understand this and further to correlate the chemistry of formation of the shapes, we first investigated in details of the magnetization for both cases. Thermal variation of zero-field cooled and field-cooled magnetization recorded at 100 Oe are depicted in [Figure 6a and 6b](#f6){ref-type="fig"} for square platelet and flower shaped nanostructures, respectively. Although measurements are carried out at a fixed magnetic field, the value of magnetization is \~10^2^ times higher for the flower shaped nanostructures. In compatible with the bulk counterpart typical paramagnetic-like temperature dependence of magnetization is observed where zero-field and field-cooled magnetization overlap each other over the measure temperature range for square platelet shaped nanostructures. In contrast, a well defined peak in zero-field cooled magnetization is evident for the flower shaped nanostructures. Field-cooled magnetization continues to increase with decreasing temperature as typically expected below the noninteracting or weakly interacting superparamagnetic blocking process[@b70]. As shown in [Figure 1c](#f1){ref-type="fig"}, magnetization curve at 2 K has got large magnetic coercivity which almost vanishes at 150 K ([Supplementary Figure S6](#s1){ref-type="supplementary-material"}). The superparamagnetic regime is distinguished by plotting the scaled magnetization curves and is further supported by the absence of coercivity for T \> T~B~ (blocking temperature)[@b71]. [Figure 6c](#f6){ref-type="fig"} displays plots of scaled magnetization curves at T \> T~B~ which clearly follow a master curve emphasizing superparamagnetic behavior. Enlarged view of the magnetization curves above T~B~ does not show convincing coercivity further designating a superparamagnetic response. Thermal variation of zero-field cooled magnetization recorded at different field ([Supplementary Figure S7](#s1){ref-type="supplementary-material"}) demonstrates that T~B~ decreases with increasing applied magnetic field following Almeida-Thouless (AT) line ([Supplementary Figure S8](#s1){ref-type="supplementary-material"}). This AT line has been reported for superparamagnetic blocking temperature.

Magnetic hysteresis loops at 2 K are shown in [Figure 6d](#f6){ref-type="fig"} which are measured after zero-field cooling and field-cooling (20 kOe) protocols. A significant coercivity of 3.93 kOe is observed at 2 K for zero-field cooled curve. Magnetization curve at 2 K does not show saturating trend even at 50 kOe ([Supplementary Figure S9](#s1){ref-type="supplementary-material"}). In case of crystal field splitting spins are doubly populated and fifth unpaired spin provides effectively J = 1/2 for ^6^H~5/2~ of Sm^3+^. Thus, J = 1/2 provides 1.0 μ~B~ which is still much larger than observed value of magnetization at 2 K (\~0.08 μ~B~ at 50 kOe). This indicates that magnetization at 2 K is much below the expected saturated value. Interestingly, a considerable shift ([Supplementary Figure S10](#s1){ref-type="supplementary-material"} for more clarity in enlarged scale) in the magnetic hysteresis loop is observed when material is cooled in 20 kOe from a temperature above T~B~. The shift in the magnetic hysteresis loop is a typical manifestation of exchange bias effect[@b72] which is attractive for the technological applications[@b73]. Exchange bias is an intricate phenomenon which is occurred at the interface between two magnetic phases having significant difference in magnetic anisotropy. This was first discovered in a Co/CoO nanoparticle where antiferromagnetic CoO component pins the ferromagnetic Co spins at the interface between them due to field cooling process[@b74]. Even after the discovery of exchange bias for more than five decades, origin of the phenomenon remains elusive because of interface mechanism and it occurs in various combination of magnetic phases. Here, the magnitude of exchange bias field is significant as \~260 Oe, which decreases sharply with increasing temperature ([Supplementary Figure S11](#s1){ref-type="supplementary-material"}) and nearly vanishes close to 50 K. Emergence of exchange bias effect for 2D flower shaped Sm~2~O~3~ is special, because Sm~2~O~3~ is a classical paramagnet in bulk state and even in nanostructures with different particle shapes[@b54]. Evidence of exchange bias effect involving a paramagnetic substance is interesting which has been rarely reported so far[@b75]. We carefully note that appearance of exchange bias field is associated with the low temperature increase of magnetization in zero-field cooled magnetization as evident for the high field measurements ([Supplementary Figure S7](#s1){ref-type="supplementary-material"}). The low temperature increase of magnetization indicates emergence of an uncompensated ferromagnetic component. Since appearance of exchange bias effect confirms magnetic phase coexistence, we propose a magnetic phase separation between ferromagnetic shell and paramagnetic-like core in the 2D flower shaped nanostructure of Sm~2~O~3~ and pinning mechanism at the interface between these two gives rise to the exchange bias effect due to field cooling process. The ferromagnetic component appeared as a fraction of nanostructured flower apparently causes superparamagnetic response above the blocking temperature. As it has been recognized that superparamagnetic state appears below the Curie temperature of nanostructured ferromagnetic or ferrimagnetic particles, the ferromagnetic component conjectured from the low temperature increase of magnetization and appearance of exchange bias effect in the current investigation leads to the observed blocking process and superparamagnetic response due to size effect in nanoscale.

Discussion
==========

The appearance of this superparamagnetism at room temperature from the induced ferromagnetism of the bulk paramagnetic material is unique and to our knowledge this has not been observed earlier. To understand the origin of this unusual behavior we correlate the chemistry of formation, the interface chemistry and defects incorporated during growth of the nanostructures. It is reported that the amine and acid sintered material can lead to different magnetism[@b44] and as in our case the activities of these ligands play crucial role in shape evolution, the magnetism might be obtained from the surface defects due to difference in the binding ability of --N and --O. For pure acid ligands less oxygen vacancy is expected as it is coordinated to metal ions via oxygen. On the other hand for amine and acid cases, amine may create more surface oxygen vacancy. Also, as amines are labile, more number of unsaturated surface bonds is expected. These might create the unusual magnetism. On contrary the nanostructures obtained with excess amine ([Supplementary Figure S5a](#s1){ref-type="supplementary-material"}) show paramagnetic behavior ([Supplementary Figure S5b](#s1){ref-type="supplementary-material"}). Hence, the induced ferromagnetism and resulting superparamagnetism cannot be due to the surface ligands. The other possibility is the internal defects of the nanostructures due to the peculiar growth pattern of the flower shaped nanostructure. Literature survey reveals that internal defect like oxygen vacancy induces ferromagnetism in oxide materials[@b49][@b51]. Close observation of the XPS spectra of O1s suggests that their intensity and positions differ to some extent in these two structures. However, we could not quantify the O-defects as many oxygen species contribute to this data (see [Supplementary Figure S3c](#s1){ref-type="supplementary-material"} and subsequent discussion). But, from our experimental results the origin of the differences in magnetism is clearly manifested from the difference in the growth pattern. To understand this, we compare the magnetism of the circular plates nanostructures obtained at lower reaction temperature (280°C) or trapped before the nanoflowers formation at 305°C with the flower and square shaped nanostructures. For quantitative observation, we have carried out the synthesis of all these nanostructures in a single lot reaction where three parts have been annealed at 280°C, 305°C as well as 330°C. From the obtained nanostructure, only the flower shaped structure showed the unusual magnetic behavior and all other reflected the paramagnetism. This clearly states that the growth pattern in the flower shaped structures is responsible for this change in magnetic behavior and also rules out the effects of any impurity additionally present in the reaction system or the surface ligands. This is also supported with elemental mapping which suggests the materials contain only Sm and O ([Supplementary Figure S12](#s1){ref-type="supplementary-material"}).

Further, as the particular flower shape shows this unusual magnetism, we have tried to detect the possible reaction stage of induction of defects in the nanostructures. The usual paramagnetism obtained from the early stage sample clearly suggests that the peculiarity comes from the fast arm growth typically observed due to competitive ligands binding at the interface. The observed exchange bias effect also supports the coexistence of two magnetic phases. So we can assume that paramagnetic disk is surrounded with ferromagnetic arms. Hence, we can propose here that the fast growth for the formation of petal like arms on the shell of circular disks leads to irregular packing of Sm and O atoms and this creates defects which in turn induce the superparamagnetism at room temperature as stated earlier.

In conclusion, we report here the interface chemistry for driving two different types of 2D crystal growth patterns leading to two distinct shapes of Sm~2~O~3~ nanostructures in same confinement regime and identical crystal phase. However, interestingly these two shapes show different magnetic behaviors: one resembles with the bulk paramagnet and other act as unusual superparamagnet at room temperature. The results suggest that implementation of novel chemistry can alter the crystal growth and induce new physical properties, important for both fundamental understanding and practical applications.

Methods
=======

Chemicals
---------

Samarium(III) acetate hydrate \[Sm(OAc)~3~.xH~2~O, 99.9%\], oleic acid (OA, tech, 90%), oleylamine (OAm, tech, 70%) were purchased from Sigma-Aldrich. All chemicals were used without any further purification.

Synthesis of flower shaped Sm~2~O~3~
------------------------------------

In a typical synthesis, 0.2 mmol Sm(OAc)~3~.xH~2~O (65.50 mg) and 2 mL OA (6.28 mmol) were taken in a 25 mL three-neck flask equipped with a condenser, thermocouple, septum, and containing a magnetic stir bar. The reaction flask was sealed and placed in a heating mantle on a stir plate. After the flask was degassed with N~2~ bubbling for 10 minutes at 80°C, it was heated to 260°C. 2 mL OAm (6.08 mmol) was then swiftly injected into the flask through the septum using a syringe and the mixture was kept at 260°C for 45 minutes with stirring to remove any residual water. Then the temperature was set at 305°C. The mixture was vigorously stirred at this temperature for 20 min after the appearance of white turbidity to the yellow solution. Finally, the reaction mixture was cooled down to room temperature and the nanocrystals were purified using hot ethanol as non solvents and chloroform as dispersing solvent.

Synthesis of square nanoplates of Sm~2~O~3~
-------------------------------------------

Square nanoplates of Sm~2~O~3~ were obtained following the procedure as stated above for flower shape except by annealing the mixture solution at 330°C instead of 305°C.

The same nanostructures were obtained when a degassed solution of Sm(OAc)~3~.xH~2~O in OAm was injected at 260°C to degassed OA in flask following the similar procedure as stated above.

Materials characterization
--------------------------

Transmission Electron Microscopy (TEM), High Resolution Transmission Electron Microscopy (HRTEM) and Scanning Transmission Electron Microscopy (STEM) images were taken on a UHR-FEG-TEM, JEOL, JEM 2100 F model using 200 kV electron source. Specimens were prepared by dropping a drop of purified nanocrystals solution in chloroform on a carbon coated copper grid, and the grid was dried in air. X-ray Powder Diffraction (XRD) of the purified sample was taken at room temperature by Bruker D8 Advance powder diffractometer, using Cu Kα () as the incident radiation. X-ray Photoelectron Spectroscopy (XPS) measurements were performed at room temperature using Al Kα source (10 mA, 15 kV) on a laboratory based commercial X-ray photoelectron spectrometer from Omicron Nanotechnology. Thermogravimetric Analysis (TGA) was performed with a thermal analyzer TA-SDT Q-600 system equipped with an alumina pan at heating rate 10°C/min under N~2~ environment. Magnetic measurements were performed using a commercial superconducting quantum interference device (SQUID) magnetometer of Quantum Design (MPMS XL, Evercool model).
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![Shape tuning of 2D nanostructures and their magnetization plots.\
(a) Schematic presentation of the synthetic procedure for the shape tuning in 2D confinement regime. (b) Magnetic hysteresis loops at 2 K and 100 K for plate like structure. (c) Magnetic hysteresis loops at 2 K and 300 K for flower like structure.](srep06514-f1){#f1}

![Microscopic images of Sm~2~O~3~ nanostructures.\
(a) and (b) TEM images of the square nanoplatelets obtained at different time intervals of the reaction. (c) TEM image of stacked platelets in one column. (d--f) TEM images of the flower shaped 2D nanostructures of Sm~2~O~3~ in different resolutions.](srep06514-f2){#f2}

![XRD patterns for different shapes of Sm~2~O~3~ nanostructure.\
Black color XRD pattern represents for nanoflowers and the blue one for square platelets.](srep06514-f3){#f3}

![HRTEM analysis.\
(a) and (b) HRTEM images of a part of the flower shaped nanostructures. (c) The atomic model of cubic phased Sm~2~O~3~.](srep06514-f4){#f4}

![Intermediate TEM image showing the growth pattern.\
(a--c) TEM images of different resolutions of the sample collected during the formation of nanoflower. (b) Shows the moire pattern which indicates the 2D shape and (c) presents the flower shape with outline marks for the growth pattern of the petals.](srep06514-f5){#f5}

![Para- and superparamagnetism.\
Temperature dependence of ZFC and FC magnetization measured at a field (H) = 100 Oe for (a) plate like structure and (b) flower like structure. (c) The plots of magnetization against H/T at 200 K, 250 K and 300 K. (d) MH loops at 2 K at H~cool~ = 0 and 20 kOe.](srep06514-f6){#f6}
